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1.0 INTRODUCTION

Dynamic response of seal rings to rotor motions is an important consideration in seal design. For
contact seals, dynamic motions can impose significant increases in interfacial forces, resulting in
high wear and reduction in useful life. For fluid film seals, the rotor excursions are generally
greater than the film thickness, and if the seal ring does not track, contact and failure may occur.
The computer code described in this manual can determine the tracking capability of fluid film
seals and can be used for parametric geometric variations to find acceptable configurations.

The type of seals that can be analyzed are depicted in Figures 1* through 3. Figure 1 shows a
stationary seal ring and a rotating mating ring. The secondary seal is a piston ring with radial
pressure loading on the OD. The shaft or rotor can be given five degrees of freedom, consisting
of three translations (x, y, and z) and two rotations about the x and y axes, respectively. The seal
ring response is also in five degrees of freedom. The interface is represented by cross coupled
stiffness and damping coefficients that are obtained from other codes. The effects of Coulomb
friction of the secondary seals on seal ring response are included. Figure 2 shows an inverted
configuration with the initial radial pressure on the piston ring on its ID. This inside configura-
tion results in less pressure loading on the ring because the ID area is less than the OD area. The
reduced loading also reduces the secondary seal ring friction that may retard tracking. In addi-
tion to piston ring secondary seals, an O-ring secondary can also be applied.

Figure 3 shows a floating ring seal that can also be analyzed by the code. This configuration
permits two degrees of freedom for both the shaft and ring, and is intended to determine seal ring
response to an orbiting shaft. The secondary seal occurs between the ring and the wall and x-y
Coulomb friction at that location is accounted for.

The method of computation is a forward integration in time that provides absolute motions in all
degrees of freedom. The reason that this approach was chosen was because of complications
caused by Coulomb friction. At every time step, friction has to be evaluated to determine if
motions continue or are halted.

* For the reader’s convenience, figures are presented at the end of each section.
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2.0 THEORY

The code determines the response of the seal ring in five degrees of freedom to shaft vibrations
in as many as five degrees of freedom. These degrees of freedom are:

1. x_=seal ring displacement in x direction.
2.y, =seal ring displacement in y direction.
3. z_=seal ring displacement in z direction.
4. P, = seal ring rotation about x-x axis.
5. o = seal ring rotation about y-y axis.

Note that throughout this manual, seal motions are subscripted with an s and shaft motions are
nonsubscripted. Unit vectors are i, j, and k in the x, y, and z directions, respectively. Coulomb
friction is accounted for in both the secondary seal and the interface.

2.1 Equations of Motion

Considering small motions, the following equations apply:

SE =ms, 2.1)
SE = mj, 22)
>F =ms, 2.3)
M =18, (2.4)
IM, =148, 2.5)

where m = mass of seal ring and I = transverse moment of inertia of seal ring.

2.2 Development of Newmarks' Method

The solution to the equations of motion are obtained by the use of Newmarks' method or the
average acceleration method [1]*. The velocity UJ .., at a time station, i+1 is approximated as

Ui+l = Ui +(Ui +2U‘—i+l )Ati (2.6)
Similarly,
U, =0, +[Uf;2%]m @)

* Numbers in brackets indicate references that can be found in Section 7.0.
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If the value of J ., from Equation (2.7) is substituted into Equation (2.6), the following equation
results:

U, =U, +UiAt+(E—4—[—J'—“—)At 2.8)

but
U, =M'{F, -KU,, -DU,, (2.9)

where M = mass matrix; F = unbalanced force vector; K = stiffness matrix; and D = damping
matrix.

Substituting Equation (2.9) into (2.8) produces:

UM( 42 +KM“)=iU +—U +U,+M'F,,-DM™U, , (2.10)
At At? At
Now from Equation (2.7),
U, =%—&—tji (2.11)
At At

Substituting Equation (2.11) into (2.10) and multiplying by M produces:

(41\’2[ PR+ 2D)UM=FM (4N2[+2—D)Ui (4—M+D)U MU, 2.12)
A At AC A At

Thus, an expression has been derived that relates the displacement at the new time step to
displacements, velocities, and accelerations at the prior time step.

Once U, is obtained, UH1 and ["Ji+1 are obtained from Equations (2.7) and (2.6), respectively.

U.==[u.-U]-U (2.13)
i+l At[ i+l 1] i
From Equation (2.6),
. 9 . ) .
U, =—|Ui —Ui]_Ui (2.14)
At

NASA/CR—2003-212368 6



Substituting Equation (2.13) into (2.14) gives:

Ui+l = _A—tz—(UiH _Ui)_z_t-Ui —Ui (215)

Thus, displacements, velocities, and accelerations are determined from the results of previous

time steps. Initially, these quantities equal zero. Computations are conducted in subroutine
NEWMARK.

2.3 Solution Process

Figure 4 is a flow diagram of the program logic. The program computes the mass and inertia
properties of the seal ring and the location of the center of gravity. After computing all constants
and matrix elements that are independent of time, the program enters the time step loop. Shaft
motions are incremented first. Using updated shaft motions, the secondary seal friction is
determined. This includes friction magnitudes and direction in the Xo Yo Zo BS, and o directions

as well as the friction components that go into the stiffness and damping matrices and force
vector.

The force vector, F, is next updated because, as indicated in using Newmarks method, the most
recent force vector, F,_, is required. Then, Newmarks method is applied and the new seal
displacements, velocities, and accelerations are determined. Subsequent to the calculations,
adjustments are made to these variables because of friction resistance. The following paragraphs
describe the development of the theory for the individual steps in the solution process, as
outlined in Figure 4.

2.4 Initialization

The initialization routine, INIT, initializes displacements, velocities, and acceleration prior to
entering the time step loop. Initial displacements correspond to the shaft displacements at the

first time step, so that the seal ring and shaft are in correspondence. Initial values of velocities
and acceleration are nulled.

2.5 Mass Matrix

The code develops the mass and inertia properties from a series of connected ring elements. Up
to 20 elements can be inputted with individual OD, ID, length, and density. From this input, the
code determines the location of the center of gravity (CG), the mass, and the polar and transverse
moments of inertia of the seal ring. The mass matrix and CG location are computed in the
subroutine, STMASS. Computed values are included in program output.

NASA/CR—2003-212368 7



2.6 Computation of Constants

The subroutine, CONST, computes variables of interest to the seal designer and also constant
variables utilized by the code.

The closing area is the unbalanced hydraulic closing area that varies for the type of seal being
analyzed. For a piston ring seal (Figure 1), the closing area is:

AL = K(Ris - chi) | (2.16)
If an inside ring is employed (see Figure 2), then
ACL = K(Rcz)s - cho) (217)

For an O-ring secondary seal, there is no distinction between the inside and outside radii and the
closing area is given by:

A =(R}, -RY) (2.18)

The same expression applies for a ring seal except that R _is taken as the inside radius of the
seal.

The interface area is the mating area and is given (for all seals) by:
A =n(RL-R?) 219

Another area of interest is the difference between the interface and closing areas. The absolute
difference between the interface and closing areas is:

Agy =|Aq —Ap (2.20)
For a face seal, the hydraulic closing force is:

Fyeo = PyAc +PLAG, 2.21)
where P = high pressure and P, = low pressure.

For ring seals,
‘FHCL =PyAc —PLAq, (2.22)

The code computes the spring preload by summing the preload from the individual springs.

NASA/CR—2003-212368 8



For a piston ring, there will be initial preloads from the installation spring stiffness and from
pressure on the ring circumference and on the ring face. The secondary seal preload per unit
length for a ring pressurized on its OD is:

p R, w

ref

=P, ——+(P,,). (2.23)

i
where p_ = preload per unit of circumference; R = outside radius of the piston ring; R. = inside
ref o i

radius of the piston ring; w = the width of the piston ring; and (P_,) = installed preload per unit
of circumference.

The total preload is:
P =2nR.P,, (2.24)
For an inside ring, R, and R are reversed in computing P,

For an O-ring seal, the preload per unit of circumference is an input quantity and the preload is
given by Equation (2.24).

The face seal axial forces are a function of preload and the coefficient of friction, such that
F, =P xv (2.25)
where F, = secondary seal friction in the axial direction and v = coefficient of friction.

The initial interface preload includes components from closing pressure and spring load and is
equal to:

Eg = Fye +Fep (2:25)

where F_ = initial interface load and F, = initial spring closing load.

Subroutine CONST also computes the initial axial position of the seal ring accounting for
secondary seal ring friction. For face seals, the equilibrium fluid film interface force is an input
quantity. The procedure is to balance the closing loads by the fluid film load using the axial
stiffness of the fluid film to determine position iterations. Figure 5 shows the algorithms used.

For a ring seal, the fluid film stiffness is replaced by the structural stiffness of the seal ring.

Often, a soft material such as carbon is used for the seal ring and its initial compression and face
load are of interest. The ring seal stiffness is approximated by:

K, =AE/L

where A = interface area; E = elastic modulus of the seal ring; and L = seal ring length.

NASA/CR—2003-212368 9



2.7 Stiffness and Damping Outside of the Time Step Loop

There are stiffness and damping quantities that are invariant and can be matrixed outside of the
time step loop.

2.7.1 Fluid Film Stiffness and Damping

The fluid film interfaces are represented by cross coupled stiffness and damping coefficients that
are obtained from other codes. For face seals, the fluid film has three degrees of freedom (z, B3,
o) and the stiffness and damping quantities occupy the lower right portion of the 5 X 5 stiffness
and damping matrix. The ring seal fluid film has two degrees of freedom (x and y) and the

stiffness and damping values occupy the upper left portion of the matrices. Tables 1 and 2 show
the locations of the stiffness and damping quantities.

2.7.2 Spring Stiffnesses

The total spring force is (see Figure 6):

Nsp

E,= ksp;zs;p 2.27)

where Fsp = total spring force; ksp = spring stiffness; 5isp = displacement of ith spring; and
Nsp = number of springs. (Note: the spring preload does not enter into the equations of motion.)
The displacement of the ith spring is:

A

8 =(5,+9,xT )k 2.28)
where

xS

8, = displacement of cg =1y,

Z

s

B
¢, = rotation of seal ring about axis through cg =1 o

(o)

R, cos®'
T, = vector from cg to ith spring = { R sin 0!

ZSP

NASA/CR—2003-212368 10
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The moments of the spring forces about the center of gravity are:

Nsp Mxx
Sp = 4 lf;P X FSIP = MYY (229)
. 0

The axial stiffness of the spring is:

N -k - (2.30)

spsp

Rotational stiffness can be obtained explicitly.

Lif s N3
M) (j+38,)-M5(j) 2.31)
Aj

i
K, =

For a single spring, the rotational spring constant is:

2
K < KoRs (2.32)
spt 9

The program numerically computes the spring stiffnesses and then adds them to the stiffness
matrix for Newmarks computations.

Stiffness and damping are also computed for the O-ring secondary seals, and is presented in
Section 2.14 along with the discussion of O-ring friction, which is a parameter whose direction
varies with time.

2.8 Shaft Increments

Shaft motions are incremented inside the time step loop according to the following equations:

X=X, cos®,t (2.33)
y=Y,sinwm,t (2.34)
z=2z,sinw,t (2.35)
B=B, coswyt (2.36)
o =0, SIn®, t (2.37)

where x = shaft displacement in x direction; y = shaft displacement in y direction; z = shaft
displacement in z direction; B = shaft rotation about x axis; and a = shaft rotation about y axis.

To simulate circular orbits, x and y are 90° out of phase. The amplitudes x , y , etc., are input

quantities and can be arbitrary to simulate elliptical shaft orbits. Also, the frequencies of
vibration, o, (oy, etc., are input quantities and can be varied arbitrarily at the discretion of the
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user. Velocities and accelerations are computed by taking derivatives in the usual manner. Shaft

motions are computed in subroutine SHAFT.

2.9 Updating [K] and [D]

For a ring seal, the fluid film stiffness and damping are constant quantities but their components
in x and y vary with the position of the shaft, and thus they must be updated inside of the time
step loop. Basically, the input values of K _, ny, etc., are values that are parallel and normal to
the eccentricity vector. Referring to Figure 7, the position of the eccentricity vector varies as the
shaft orbits. As shown in Figure 7, the eccentricity is along the x” axis. Then, for the primed

axes,
F'=-K'& -D'&
where
B
and

[K;x K;y]
K=o/
K)’X K)’Y

which are input quantities

5= 1o
=15
s,={§x}
8

[D’xx D;(}
D, = ’ ’
D)'X DYY

The forces along x’, y’ must be transposed along x and y

F = AF’

NASA/CR—2003-212368
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where

[cos 0 -—sin 9}
A=| .
sin@ cosH
Substituting Equation (2.38) into (2.39), we obtain
F=Al-k%-D'8] (2.40)

but & = A8 and § = A"S. Therefore,

F=-AK’AT6 - AD’A”$ (2.41)

but, F also equals

F=-K&§-D& (2.42)
where
K _
K = XX Xy
_ny Kyy i
_ D ]
D= XX Xy
_D)’X D)’Y_

Therefore, comparing Equations (2.41) and (2.42)

K=AK’A" and D=AD’AT (2.43)
The code determines the position of the eccentricity vector by calculating the position of the
minimum film thickness. The stiffness and damping transformations are accomplished in

subroutine RSTD and appropriately added to the stiffness and damping matrices for
NEWMARK computations.
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2.10 Viscous Shear Forces and Moments

For face seals, viscous shear forces are produced at the interface. These forces are

po AV (2.44)
h
F, (2.45)
" {FY} ' .
\
1 2.4
ol

where
A = interface area
V = seal ring velocity in x-y plane

h = film thickness
L = absolute viscosity

The coefficients pA/h are included in the damping matrix.

2.11 Applied Forces

The computation of applied forces and moments are necessary for subsequent friction
computations. The applied force vector includes all forces and moments excluding equilibrium

and friction forces and moments.

For ring seals,
F, =—K(5,-5)-D(5,-8) (2.47)

where:

F
F, = applied force vector = {Fax}

ay

K, K

yX Yy

Kxx ny
K = filmstiffness matrix =

D = filmd . . Dxx ny
= at =
nmdamping matrix D D

yx Yy

NASA/CR—2003-212368 15



(6
8, =seal ring displacement = { SSX}
sy

d
d = shaft displacement = { 8"}
y

Similarly, Ss and § are seal ring and shaft velocity vectors, respectively.

For face seals, the matrix formulation is:

F, =-K8, -D§, (2.48)
where:
( Fax W
E,
F, = applied force vector =4 E,, ¢
Max
(M,
r XS 3
s
d, =relativedisplacement vector =< z, —Z ;
B.—-B
kas a’d
r Xs 3
Y,
8, =relative velocity vector =4 2, —Z »
| B.,-B
\ - - (.XJ

The forces from x and y displacements occur between the secondary seal and housing and are not
relative with respect to the shaft.
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Subscript, s, refers to the seal ring. Displacements without subscripts refer to the shaft motions.
The elements of the stiffness and damping matrices are:

K|, = —K? = O-ring stiffness in x direction

~

»n=-K= O-ring stiffness in y direction

33 = —K¥ + K, = spring stiffness + fluid film stiffness in z direction

~ oA

= KzB = cross coupled film stiffness

45 =K, = cross coupled film stiffness
o

43 Kﬁ7

1= —KFP+Ky = spring rotational stiffness + film stiffness about x axis

K= K[sa = cross coupled film stiffness

22

= cross coupled film stiffness

~

K., =K, = cross coupled film stiffness
oz

K., = KaB = cross coupled film stiffness
K5 s=-KP+K_, = spring rotational stiffness about y axis + film rotational stiffness.

The damping matrix includes the viscous shear damping:

D, =D, —D¥ = shear damping coefficient + O-ring damping in x direction
Dis=-Dg,z. o= shear damping coefficient X axial distance to cg

D,, =Dy, - Dy = shear damping coefficient + O-ring damping in y direction
D, = DSHng = shear damping coefficient X axial distance to cg

D,, =D, = film damping coefficient

D, = DZB = cross coupled film damping coefficient
D, =D, =cross coupled film damping coefficient

74
D,= DBz = cross coupled film damping coefficient

D,= DSHch = shear damping coefficient X axial distance to cg

D w=D o+ D SHZzg = film damping coefficient + shear damping coefficient x
the square of the cg distance

D,=D g+ D SHZzg = film damping coefficient + shear damping coefficient x
the square of the cg distance

D, = -DSHng = shear damping coefficient X the distance to the cg

D, =D, , = cross coupled film damping coefficient

D, = DaB = cross coupled film damping coefficient

D.=D_ + DSHzig = cross coupled film damping + shear damping coefficient X
the square of the cg distance.

The applied forces and moments are computed in subroutine APP.
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2.12 Piston Ring Secondary Seal Friction Forces and Moments
2.12.1 Friction Forces and Moments from the Radial Surface of the Piston Ring

The piston ring moves with the shaft in x and y, and can also hold back the shaft from moving
(see Figure 8). Surface 2 of the piston ring is the radial face, and Surface 1 is the interior
cylindrical surface. The velocity of Surface 2 is:

Vch = Xs1 + ys] +65 XFZ

L : (2.49)
o, =B,i+0a,]
T, =zK+1, cosBi+r,sin 6] (2.50)
®, xT, = —B,z,]+B,r, sin 0k + & z,i — &1, cos Ok (2.51)
It is assumed that there is zero k velocity of the piston ring. Therefore:
Vi, = (x, +6.2, )i +(3, — Bz, )i = Vi, + Vi, 2.52)
The direction of the friction force is opposite to that of the velocity
" L —V—SCZ 2
E,, = friction force = —p,A v (2.53)
V|
where:
p, = applied pressure on piston ring
Ap = unbalanced contact area of piston ring
v = coefficient of friction
and
Fsczx = -poApv (sign Vsczx) (2.54)
F$c2y = —pOApV (sign Vsczy) (2.55)
The moment about the CG from the face friction force is:
M, =%, xE_, = (zlk +1; cos 01 +r1; sin Oj) X (Fsczxi + Fsczyj) (2.56)

= ZlFsc2xj -z,F i+k components that are neglected.

sc2y

where F _ and F _ are defined above.
sc2x sc2y
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These friction forces and moments are computed in the subroutine FRICWALL. They are
subsequently added to the force vector in the Newmark formulations.

2.13 Friction Forces From the ID of the Piston Ring

At the ID piston ring interface, there is only velocity in the z direction, which equals the relative
velocity of the seal ring in the z direction. The major contribution to the normal force at the ID is
the pressure that p_applies to the OD. The following equation results for the load per unit length
at the ID of the piston ring.

p, = PRuwoW b 2.57)
R . ef

SCl1

where:

= preload per unit length of ID of piston ring
, = pressure on OD of piston ring

R, = outside radius of piston ring

R . = inside radius of piston ring

w = width of contact surface at ID

P/, = initial or installed preload per unit length

Pcf
P

The direction of the friction force is opposite the direction of the axial velocity, Vz. If Vz =0,
the direction of the friction force is opposite the direction of the applied force in the z direction,
ﬁu. Therefore,

F, =-2nvR_, P,,(sign V,orsignF, ) 2.58) .

sci el
Computations are made in the subroutine SFRIC.
2.14 O-Ring Secondary Seal Stiffness and Friction Forces and Moments
An O-ring secondary seal contributes stiffness and damping and friction forces and moments.

Explicit analysis was conducted to determine these contributions. The O-ring is divided into 72
segments of 5 degrees each. The displacement of the ¢¢h segment is:

8 =u+oxT. , (2.59)
where:
3! u, B, R cos’
8" =98, % U=<u,p, ¢=J0 ¢, 1, =< R sin6’
8, 0 0 z_ —u(3)
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The normal vector at @ is p¢ (Figure 9), where

i’ =cos®'i+sinB’) (2.60)
3 -nf =8 (2.61)

where §' = normal displacement at g°. Similarly, the velocity of the seal ring at the ¢th segment
1s:

SO _ Tt
" =u+dxT,

where (2.62)

l.'ll _ Bs
u={u, d=10,
0 0
and
55‘ —§ .4 (2.63)

The normal force at the ¢th segment on the seal ring is:

F' =-k_,8'R,d6‘ -D_8'R_d6° —Pr,,-R_d6’ (2.64)
where:

k,, = O-ring stiffness per unit length

D,, = O-ring damping per unit length
Pr,, = O-ring preload per unit length

F! = normal O-ring force at g*

and
F/ =F/ cos 6’ (2.65)
F, =F, sin6’ (2.66)
F=YF 2.67)
e,
= ; F (2.68)
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where:

F: = x force at g°
Fy“ =y force at g’
F = total O-ring x force
Fy = total O-ring y force

The O-ring moment is:

M’ =t xF/ (2.69)
and
M,
L _ ¢
M= 1\1\/;E
where:
M‘ = moment due to the normal force at g°
and

72 72
M, =YM,, M =M, (2.70)
=1 ¢=1
The stiffness of the O-ring is:
K, =—2 (2.71)

where:

Kij = ith stiffness in the i direction due to a j displacement
Bj = displacement in j direction.

These stiffnesses are determined from a zero displacement position and are constant values.
They are added to the stiffness matrix that is used in the NEWMARKS routine. Similarly,

D.=—1 1(2.72)
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where:

Dij = damping in i direction due to a j velocity.

The O-ring friction imposes additional forces and moments on the seal ring. The friction forces
are always along the z axis and direction is always opposite the velocity vector. The relative

velocity at sector ¢ is:
V= (@ +xit) &
Then the friction force at the ¢th segment is:

F! = VE!(-signV/)

where v = the coefficient of friction. The total friction force is:

72
E = 2 Ffe
=1
The moment due to the friction force is:

Mf = (fsfz X Ffe )

0
F={0} M,={M
Ff

These forces and moments are added to the force vector used in the NEWMARK routine.

2.15 Computation of the Force Vector

(2.73)

(2.74)

(2.75)

(2.76)

2.77)

The force vector contains all terms that are not directly multiplied by the seal ring displacements,

velocities, or accelerations.

mi_ +kx, +Dx, =F
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where:

m = mass matrix

k = stiffness matrix

D = damping matrix

F = force vector

X, X, X, = seal ring displacement, velocity, and acceleration vectors

The terms of the force vector, F, contain stiffness and damping multiplied by shaft displacements
and velocities plus friction restraint force:

F=kx + Dx +F,

where

F, = friction vector

K = fluid film stiffness matrix

D = fluid film damping matrix plus viscous shear damping terms
F, = friction restraint forces in all degrees of freedom

2.16 Friction Restraint

After the displacements, velocities, and accelerations are updated, it is necessary to determine whether
friction should have halted the motion. When determining friction restraint, it is important to realize
that total forces and velocities are applied, and considering components alone can be misleading. For
example, a body moving in a plane will not be restrained in a component direction as long as the total
applied force exceeds the total friction force even though a component friction force can exceed a
component applied force. For purposes of illustration, a piston ring secondary seal will be discussed.
Referring back, Figure 8 showed the piston ring model.

Wall friction on the piston ring will restrain lateral (x and y) and angular (o and ) motions of
the seal ring. The ID friction of the piston ring will restrain axial motions of the seal ring.
Consider a velocity versus time plot, as shown on Figure 10.

There are three regions of accountability:

1. When accelerating, F, and F, are opposite |F| <|F,|
 F, = friction force
» F_=applied force.

2. When decelerating, F, and F_are of the same sign; a finite velocity implies |Ff| < IFa I

3. If the velocity changes sign between successive time steps, then somewhere between
motion has stopped and cannot restart until IE.|>|E| Thus, there is a discontinuity
in the velocity curve. If we followed the normal procedure without taking into
account the finite stopping time, the velocity would be repositioned to point B in
Figure 10 instead of point A.
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At the piston ring wall, the velocities of the ring in the x and y directions are:

V, =k +0z, 2.79)
Vy =y Pz, (2.80)

and the total velocity is:
VT=,/v3+Vy2 (2.81)

where:

V_=x component of velocity of piston ring

Vy =y component of velocity of piston ring

%x = x component of velocity of seal ring at CG
y =y component of velocity of seal ring at CG
o = rotational velocity about y axis

B = rotational velocity about x axis

z, = axial distance from CG to piston ring wall

The forces that would move the piston ring along the wall (x-y plane) come from both the lateral
applied forces at the CG and the total applied moments about the CG.

F,.=F, +M, /z, (2.82)
F, =F,-M,/z, (2.83)

where:

F_ = x component of applied force at CG

Fay =y component of applied force at CG

M _ = applied moment about y axis

M__ = applied moment about x axis

F_ = total x component of applied force at ring wall
Falyt = total y component of applied force at ring wall

The total applied force at the ring wall is F , defined as:
F, =,/F +1::yl s (2.84)

axt

Other parameters include:

V, =k +y? (2.85)

where ny = total translatory velocity at CG.
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E,, =F.+F, (2.86)

where Faxy = total translatory applied force at CG. The friction force at the wall is defined as:

F = JF& +Ff2y 2.87)
where:

Ff = total friction force
fo = friction force in x direction
ny = friction force in y direction.

With these terms and definitions, a flow chart of the friction wall restraining algorithm is indi-
cated on Figure 11. Note that even though friction may not restrain piston ring motion, a check
has to be made on x and y motions at the CG. This is because the piston ring can move due to
angular rotations about the CG without x, y translations of the CG.

A similar routine has been established for restraint in the z direction. Since this is a single-degree-of-
freedom motion, it is a much simpler algorithm than for the coupled x, y and angular modes.

2.17 Minimum Film Thickness

At each time step, the minimum film thickness is computed to determine if a negative film
occurs. If so, the computations are halted and the seal is considered failed.

Face Seal. Because of angular rotations, the minimum film thickness is computed at the outside
radius of the fluid-film interface. The film thickness varies around the circumference of the seal
and is thus a function of theta. In computing the film thickness, the circumference is subdivided
into 72 increments, and the film thickness determined at each incremental intersection.

H, =H, +AZ+¢XxT, k (2.88)

where:

H_ = equilibrium film thickness
AZ = difference between seal ring and shaft displacement
¢ = rotation vector

I = position vector from center of gravity to point p
For a face seal with a stationary (nonrotating) seal ring,

H=H, + (Zs — Z)+[(([§S _B)f+(as —(X,)J)X (—zcgf( +R, cos pr+ R, sin Gpj)] -k

H=H,+(2,-2)+|(B, -B)R,sin6, - (ar, ~ )R cos6, | (2.89)
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Ring Seal Clearance. Ring seal parameters are shown on Figure 12. Ring seals are limited to
two degrees of freedom, x and y. Since both the shaft and ring can move, the film thickness is a
function of relative displacements between them. The equations are as follows:

£ - ¢

¢ =0,—0

H=C+E, i (2.90)
where:

ES = displacement vector of seal ring

& = displacement vector of shaft

& = relative displacement
and

E=xi+y) §=xi+y]

E =(x,x)i+{y, ) @91

fi = cos 01 +sin 6] (2.92)

€ -fi=(x,—x)cos8+(y, —y)sin (2.93)

H=C+(x, —x)cos8+(y, —y)sin8 = C+(x, —x)cos8+(y, —y)sin® (2.94)
where:

z = longest distance from CG to end of seal.
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Figure 5. Initial Equilibrium Algorithm
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Figure 9. O-Ring Parameters
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Figure 10. Velocity versus Time Including Friction Restraint
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Figure 11. Flow Chart of Piston Ring Wall Friction Restraining Algorithm
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3.0 DESCRIPTION OF INPUT/OUTPUT

3.1 Input Variables

The input variables are described in Figure 13. There is one additional variable missing from the
figure; it is the variable HELP. If HELP is identified in the input file list, then a figure similar to
Figure 13 will be produced in the output. The input is divided into several groups. The separa-

tion of parameters are indicated by data set identifiers that categorize input quantities. The
categories are as follows:

o Geometry

e Spring and damping coefficients
e Operating conditions

o Initial conditions

e Program continuation.

Referring to Figure 13 and Figure 1, the first series of input quantities concern the geometry of
the seal ring. Most of the variables are self-explanatory. The variable NELM identifies the
number of geometrical elements the seal ring is partitioned into to describe its geometry.
Generally, a new element is introduced when there is a sharp variation in the inside or outside
radius or where there is a material change. The program permits partitioning the seal ring into as
many as 20 elements. The variables RIEL and ROEL are the inside and outside radii of the
element, respectively, and the variable ELEML is the axial length of the element. The density of
each element is described by the variable DENS. The variable ZL is the axial distance from the
interface to the beginning of the element. If the seal ring and piston ring configurations are as
were shown in Figure 2, then the variable INSIDE = 1.0 is inputted. If not, a default value of
zero is used. The face area of the piston ring secondary seal that is in contact with the housing is
the variable APR. The width of the ID of the piston ring in contact with the seal ring is WPR.

The next series of variables describes the spring and damping characteristics of various elements in the
seal system. The closing springs provide a closing preload and an axial stiffness to the system. The
variables SKXX through SKAA are associated with the fluid film on the face of the seal or the interior
of the ring seal. SKZZ is the fluid film stiffness in the axial or z direction. SKZA is the cross coupled
stiffness in the z direction due to a rotational displacement ¢ about the y axis. The variable A refers to
o (a rotation about the y axis), and B to 3 (a rotation about x axis). The cross coupled stiffness and
damping matrices that represent the characteristics of the fluid film are each 3 x 3 matrices for face
seals and 2 x 2 matrices for ring seals (see Section 2.7.1). These values are obtained from other
sources. A positive stiffness provides a restoring force to a displacement. The variables DZZ, DZA,
etc., are damping characteristics of the fluid film.
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The third set of variables include FFL and HO, which are the equilibrium fluid film force and the
value of the film thickness at the midpoint of the seal face. The variable CO is the radial clear-
ance of the ring seal. Again, these values are obtained externally. Although for face seals FFL
and HO must correlate, they do not have to be the precise equilibrium values with the closing

forces, as the program will move the seal ring into the initial equilibrium and print out the results
in the output.

The fourth and fifth sets of variables are concerned with the environmental operating conditions
to which the seal is exposed and the initial conditions that start the process. The variable DT is
related to the number of time steps per revolution as follows:

e DT=2n/(wN,)
e o = rotational speed, rad/sec
e N, = number of time steps per revolution.

If the value of DT is not chosen correctly, numerical instabilities will result that will be reflected
in output exceeding formats or giving obviously incorrect numbers. In many instances, a value
of N, = 100 time steps/revolution works well. The time increment DT is a function of the
distance traveled per time step. Large amplitude high-frequency motion requires small time
increments, while small amplitude low-frequency motion allows for larger values of DT. Itis
generally worthwhile to experiment with the value of the time increment DT to ensure a proper
value. At times, it is necessary to run cases with 300 to 500 time steps per revolution.

The next set of variables applies to a continuation of a case that has been previously run.
Information to fill in this list of variables will have been provided by the output of the run to be
continued. The subscripted variable U(5) refers to the five displacements: x, y, z, B, and o,
respectively. The subscript 1is x;2isy; 3 is z; 4 is B; and 5 is o.

3.2 Input Format

The first line of the input identifies the name of the output and plotting files without extension.
Generally, this name is the same as the name of the input file (see Figure 16, Section 4.0). To
run a case, the input file must be copied to DYSEAL.INP and the instruction DYSEAL executed.
The output files and plotting files will be produced with the name provided as the first line of the

input file. The second line of the input file can be a short description of the problem or title in
Columns 1 through 80.

All input parameters start with the variable name.

e Columns 1 to 10, A10: variable name
e Columns 11 to 80, free format: variable quantity
« ... 80 columns total
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The first 10 columns of each identifier are reserved for the key words that specify the input
parameters (e.g., ZSCO in Figure 13). These key words must be entered starting at Column 1 of
each line. Only the first six letters of each key word will be recognized by the program. These
letters must be entered exactly as specified in the input instruction. The lines can be entered in
any order except for the first title line. The user does not have to input a line that has a default
value. If an asterisk is placed in Column 1, the input quantity will be ignored and the default
value will be maintained.

Units. The units for the English and metric systems are as follows:

English
e Length: in.
e Density: 1b/in.3
e E: Ib/in2

o Stiffness: 1b/in., Ib/rad, in.-1b/rad

e Damping: lb-sec/in., Ib-sec/rad, in.-1b-sec/rad
e Rotational speed and frequency: rad/sec

e Viscosity: Ib-sec/in.2 (reyns)

e Pressure: 1b/in.2

e Force: Ib

e Film thickness: in.

o Length: meters

o Density: kg/m3

e E: N/m?

o Stiffness: N/m, N/rad, N-m/rad

e Damping: N-s/m, N-s/rad, m-N-s/rad
¢ Rotational speed and frequency: rad/s
¢ Viscosity: Pa-s = N-s/m?

e Pressure: Pa=N/m?

e Force: N

e Film thickness: microns

3.3 Description of Output

There are two forms of output: computer printout and computer plots.

NASA/CR—2003-212368 37



3.3.1 Computer Printout

The printout consists of a description of the input parameters, as shown on Figure 14, if the
variable HELPS is included in the input file. This is followed by a printout of the input values,
as shown on Figure 14. The computer code calculates some specific significant parameters, such
as mass, CG distance, and the polar and transverse moments of inertia about the CG. Following
are computations of the hydraulic closing area (ACL) and the hydraulic closing force (FHCL),
which is the high pressure multiplied by the closing area. The interface area (AIF) is the contact
face area of the seal. The balance ratio of the seal is ACL/AIF. If the ratio is <1, then the seal is
balanced; if the ratio is 21, the seal is unbalanced. For any given fluid film geometry, the higher
the unbalance, the greater will be the tendency of the seal to close.

The variable, FIFPRE, is the interface preload that includes all closing forces on the seal,
(hydraulic plus spring load). SCFRIC is the restraining friction on the seal ring from the secon-
dary seal, and HO is the initial equilibrium film thickness. The value of HO may be different
from that originally inputted to place the seal ring in equilibrium with the closing forces.
However, if the axial friction force SCFRIC is sufficient to prevent initial movement, the initial
value of the film thickness will remain as specified. The final set of values produced as printed
output are the variables required for continuation of the case, as shown on Figure 14.

3.3.2 Plotted Output

To facilitate interpreting dynamic results, plotted output is essential. The program has been
organized to write output out on File 4, which is reread by a plotting routine, XYPLOT. The
plotting routine is called by the command XYPLOT, which will display three menus. From the
File Menu, select Open File and a list of file names in the directory will appear. The plotting
files have the extension FIL. Opening an FIL file will initiate the plots for that file. The abscissa
and ordinate are selected from Plot Options. Manual selection of scales, grids, and rectangular or
square appearance are obtained from the Axes heading in the Plot Menu. The plot line attributes
and symbols come from the Lines selection in the Plot Menu. Data Labels and Fonts are also
available from the Plot Menu. Printing is provided through the File Menu.

A panel will appear on the screen along with menus. Under the File Menu, open the current
directory containing the output files. Then, double-click the .FIL extension of the file to be
plotted. Under the Plot Menu, select Plot Options for plotting parameters selected by the user.
Scales, grid, and plot shape (square or rectangular) can be altered under the Axes selection in the

Plot Menu. To print a plot, select the Print option under the File Menu. Program output is
discussed in Section 4.0.
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4.0 SAMPLE PROBLEMS

The sample problems included in this section are intended to demonstrate program usage and do
not necessarily represent seal designs. Face seal samples are included in this section. Ring seal

sample problems are demonstrated in the verification section where output was compared against
published data.

4.1 Sample Problem 1: Piston Ring Face Seal Input

The sample problem analyzes the 50-mm spiral-groove seal described in Reference 2. Key
geometrical parameters are shown in Figure 15. The seal ring was partitioned into three
elements. The first element was the seal ring face. The inside radius of the seal ring face was
taken as the same as that of the other two elements, since the actual length of the inside radius of
the face is very thin (~0.20 in.). Input is shown in Figure 16. Spring and damping coefficients
were taken from the work reported upon in Reference 2. The shaft displacements were

0.0005 in. and rotations were 0.0005 radians, respectively. The input format shown in Figure 16
follows the procedures identified in Section 3.0.

4.2 Sample Problem 1: Printed Output

The printed output for Sample Problem 1 has previously been described in Section 3.0 and is
repeated in Figure 17. Since the variable HELP was included in the input file, input definitions
are printed as part of the printed output.

4.3 Sample Problem 1: Plotted Output

Plotted output is shown in Figures 18 through 29. In some cases, multiple plots were employed,
such as in Figure 18, which shows the x displacement of the seal ring, XS, and the x displace-
ment of the shaft, X. The shaft displacements are sinusoidal patterns, while the seal ring

displacements are the generally lower amplitude and more irregular response, due to secondary
seal friction.

4.4 Sample Problem 2: Continuation

Sample Problem 2 is a continuation of Sample Problem 1, for another 5 revolutions or 500 time
steps. The input to Sample Problem No. 1 is modified as indicated in Figure 30. The variables
modified are: NTS (number of time steps) = 1500 and NT (initial time step) = 1001. Also, all the
variables in input set CONTIN must be included. These are obtained from the printed output of

Sample Problem No. 1, Figure 19. Printed output is shown in Figure 31. One plot of minimum
film thickness was made and is shown in Figure 32.
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4.5 Sample Problem 3

Sample Problem 3 is identical to Sample Problem 1, except the logical variable TOTAL is
applied. Use of this variable allows formatted output to be printed. The formatted output is
produced in three groupings. The first group presents seal motions and clearance; the second
group shows shaft motions and minimum film thickness; and the final group shows friction
forces and moments. Figures 33 and 34 show problem input and output, respectively.

4.6 Sample Problem 4: Metric Units

This problem is identical to Sample Problem 3, except metric units have been applied. The
variable NUNIT is included in the input and given a value of 2. This problem also includes the
variable TOTAL for formatted output. Input and output are shown in Figures 35 and 36,
respectively.

4.7 Sample Problem 5: O-Ring Secondary Seal

The O-ring secondary seal introduces several new variables to the input process. The variables
include:

+ SKEL (Secondary Seal Stiffness Per Unit Length). SKEL is available from O-ring
catalogs. Figure 37 shows percent compression versus load per lineal inch of seal for
various O-ring cross sections and durometer. This figure was extracted from a Parker
O-ring catalog. Percent compression is obtained by calculating the squeeze of the
ring divided by the cross sectional width of the ring. This information is also obtain-
able from the catalog. The load per lineal inch divided by the squeeze gives the
stiffness per unit length.

o DEL (Secondary Seal Damping Per Unit Length). Information is not available

from O-ring catalogs. Elastomers are light damping devices, and a reasonable
number for DEL = 1/(RSC r).

¢ SCPREL (Secondary Seal Preload Per Unit Length). Generally equal to SKEL,
spring stiffness per unit length.

¢ RSC (Radius to Secondary Seal)

The input/output for this case is shown in Figures 38 and 39, respectively.

Figure 40 shows the x displacement of the seal ring versus shaft revolutions. The displacement
is very small - on the order of 20 X 10-6 milli-radians. Similar results apply to the y motions
shown on Figure 41. The only exciting forces in these modes is viscous shear between the
mating ring and seal ring, which is a small value. Figure 42 shows the axial displacement of both
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the runner and seal ring. The seal ring response is in phase and slightly magnified above the
excitation. Rotations about the x-x and y-y axes are shown in Figures 43 and 44, respectively.
The minimum film thickness as a function of shaft revolutions is indicated in Figure 45. Axial
and rotational friction are shown in Figures 46 through 48.

4.8 Ring Seal Sample Problems and Verification

Ring seals are activated by the logical variable RING in the input file. The variable EMOD
(elastic modulus) must be inputted or else a divide overflow will result. EMOD is used to
determine the initial axial interference of the secondary seal with the wall.

For purposes of sample problems and verification, the ring seals described by Kirk in Reference 3
were analyzed. Kirk used a time transient scheme that varied the fluid film forces at each time step
using short bearing theory. That differs from the approximate analysis used in DYSEAL in which the
fluid film is represented by constant but rotating cross coupled stiffness and damping coefficients.
Kirk also assumed a rotor modal mass supported on springs and dashpots and determined the response
of the modal mass. In DYSEAL, rotor motions are prescribed.

The first case, as represented by Figure 49 (Kirk, Figure 7), included the following parameters:

e Speed = 1780 rpm

¢ Axial interface force =20.9 Ib
e Ringmass=2.131b

e Clearance = 0.003 in.

e Length =0.904 in.

» Viscosity = 0.8125 x 10-7 1b-sec/in.2
o Friction coefficient = 0.150

*  Puign =72 psig

° Plow =60 pSIg

e Shaft radius = 2.090 in.

¢ Rotor excursion = 0.0024 in.

The film stiffness and damping coefficients were obtained from external codes at an eccentricity ratio
of 0.5. The eccentricity was chosen on the basis of load capacity to overcome the friction forces of the
secondary seal. The cross coupled coefficients are indicated on the input file, Figure 50. A model was
configured that simulated the mass of the ring and provided identical wall interface and friction forces.
The given rotor orbit was circular at an eccentricity ratio of 0.8, or a finite value of 0.0024 in. This
corresponds to the shaft eccentricity prescribed by Kirk. The problem output is shown in Figure 51.
The given rotor circular orbit is indicated in Figure 52. Orbital response of the seal ring is shown in
Figure 53. There is a significant amount of looping that occurs and the orbit is confined to the
0.0024-in. stimulus from the shaft. As shown at the bottom of Kirk's Figure 7, the orbit does loop.
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overlapping of the looped orbit. Figure 54 shows the seal ring displacement as a function of shaft
revolutions. Note that there is a strong half frequency component because of the strong cross coupling
influence of the stiffness coefficients. The subsynchronous component further explains the orbital
loops. Figure 55 shows the y displacement as a function of shaft revolutions. The minimum film
thickness is indicated in Figure 56. From Kirk's Figure 7, the seal is tracking the rotor at approximately
0.5 eccentricity or with a minimum film of 1.5 mil. From Figure 56, the median of the film variation is
approximately 1.5 mil. Figures 57 and 58 show the friction forces in the x and y direction, respectively.
The comparative results are excellent, especially considering the differences in problem formulation.

A similar analysis was conducted for Kirk's Figure 8 problem (see Figure 59). This seal was
identical to Kirk's Figure 7 problem except that the length of the seal was reduced from 0.904 to
0.600 in. This required the development of a new set of stiffness and damping coefficients. The
input and output for this case are shown in Figures 60 and 61, respectively. The seal ring orbital
response is shown in Figure 62. It is a complex pattern of interior looping. The minimum film
thickness predicted by DYSEAL is shown in Figure 63. Kirk indicates the seal ring tracks at an
eccentricity of 0.75 or at a minimum film thickness of 0.75 mils, which is verified on Figure 63.
The minimum film thickness on Figure 63, however, is diminishing with revolutions and may
eventually fail. Examination of Kirk's orbital plots reveal that the orbit is continuing to expand
after the three revolutions that Kirk examined, and the orbit is not confined. If Kirk increased the
number of revolutions, he may have come to the same conclusion as DYSEAL - that this ring may
eventually fail by contact.
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Figure 15. Geometry for Sample Problem 1
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DYNAMIC ANALYSIS OF SEALS
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Figure 18. x Displacement versus Shaft Revolutions
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Figure 19. y Displacement versus Shaft Revolutions
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DYNAMIC ANALYSIS OF SEALS

Sample Problem 1
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Figure 20. z Displacement versus Shaft Revolutions
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Figure 21. Film Thickness versus Shaft Revolutions
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DYNAMIC ANALYSIS OF SEALS

Sample Problem 1
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Figure 22. Minimum Film Thickness versus Shaft Revolutions
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Figure 23. Rotational Displacement About x Axis versus Shaft Revolutions
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DYNAMIC ANALYSIS OF SEALS

Sample Problem 1
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Figure 24. Rotational Displacement About y Axis versus Shaft Revolutions

95TM1

——— X-FRICT.
DYNAMIC ANALYSIS OF SEALS
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Figure 25. x Friction versus Shaft Revolutions
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DYNAMIC ANALYSIS OF SEALS

—— Y-FRICT.

Sample Problem 1
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Figure 26. y Friction versus Shaft Revolutions
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DYNAMIC ANALYSIS OF SEALS
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Figure 27. z Friction versus Shaft Revolutions
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DYNAMIC ANALYSIS OF SEALS

Sample Problem 1
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Figure 28. Friction Moment About x Axis versus Shaft Revolutions
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Figure 29. Friction Moment About y Axis versus Shaft Revolutions

NASA/CR—2003-212368 57




IN1S6

28°089S2 £2°21£65- £7°%5€8S 0°0 0°0 lloan
96%%¢%°€ 0°0 0°0 loan

080£L2°Y 8SL1%22" -
¥89€61000° - SZLSE9000° 0282000°- SO-3282%62°- £%6205000° n

nduy 7 woyqoig o[dwres ‘(¢ 231

90266°¢£5- 801¥4

0°0 LINIL
“0egl 2VY93W0
*0eel AVO3WO
"0eel XVO3WO
S000° [o]:]
§000° ov
§000° 0z
§000° 0A
§000° 0X
SNOILIGNOD TVILINI~
Loot 1N
00S1 SIN
90-39281.5°8 1q
80-3L°1 J3SIA
e 35400
0°0 ald

"0SL Q0d

) 17) V93WO
SNOILIQGNOD ONILV¥3dO«
0°s.g2 REF]
21100° OH
0s0°S 1S¥dS
0°0 wa
0°0 8va
0°0 2va
0°0 vaa
0°0 ga8a
0°0 280
0°0 vZa
0°0 8z2a
0°0 220
*6£219¢ Yvis
0°0 VIS«

0°0 VIS«

0°0 VEiS«
"6£219¢ a8xs
0°0 s

0°0 az2is

0°0 YZis
*o0ootey 2238
t4) dSON

0sL° 3¥ddS
ONIAWYQ ONY ONI¥dSs
S20° ydH
958° ¥dv
6252° §260° 0°0 (02)12

62l9° 009L° G260° €02)K313
022°L 084°L 08s°L (02)130¥
620"} S20°L s20°L (02)13ny

9¢2S° 13H10
0°0 Ol3HL
§2s2°0 0dsZ
€ WI3N
S295°1L dsy
oy°l 00s¥
gL 108y
2L 3¢
8S°L SO¥
2lL’0 03sZ
NOlsid

AY13WO039

d13H

*

INdNI 37dWVS TV3SAd
237dWVS
dNI*231dWYS :aueud)td 62:¢C S661/62/¢0

58

NASA/CR—2003-212368



LNLS6

mdinQ 7 wepqoid ojdwes ‘[¢ 2an3ig

ONIdWVQ W11d4-0INTd= vad
ONIdWYa W114-0INTd= 88q
ONIdWVa W11d4-0INTd= z80
ONIJWYVA W1l4-0INTd= vza
ONIdWYa W1I4-0INTd= 8z4a
ONIdWYQ W113-0IN1d= 2za
ONIdWYa W11d-aIN1d= Xxxa
ONIJWVQ WI1I4-aINTd= AXa
ONIJWYQ WI11d4-0INd= XAQ
ONIdWVa WII4-QIMd= AAQ

wi “mwmzmmnhm W1l4-aINld= WIS
V) | SSINJJILS Wil4-aInid= avis
IV [ SS3N4JILS W114-aInid= Vs
Ve SS3INJ411S W1ld-aInid= vais
883 'SS3IN441LS WIld-aInld= aa3s
Z8) 'SSINJ4ILS W1ld-aINld= Zais
v “wmmzum_hw W1ld-aInld= V23S
823 |SSINJJILS W1ld-aInld= 23S
2Z) ’SS3IN441LS W1I4-QINld= s
AAX 'SSINJ4ILS W1Id-QINTd= AAIS
XAX ‘SSINJ4ILS WIId-QINTd= XANS
AXX ‘SSINI4ILS WIId-QINTd= AXAS
XX) ‘SSINJJILS W1ld-AINTd= XX
SONIY¥dS 40 ¥IBWNN= dSON

av013dd ONIY¥dS ITONIS= J¥dds

JIYL3W 304 2 ‘(LINV43Q)"ON3 ¥0d | = LINNN
LNOLNIY¥d Q3LLVWYO4 ¥Od 3NAL = viol

Ivas ONIY V ¥0d 3Nyl = ONIY

ONI¥-0 AYVANOI3S dI 3ndl = ONI¥0

ONI¥ NOISId A¥VANOJ3S JI 3Ny4 = NOlSId
ONI¥ NOISId aI “|= 3QISNI

.zm4w0hmu<mzm»z_20¢m.»m~o4<—x<u AomvgN
HLQIM SNI¥ NOLSId TVILN3¥33WNJYIO= YdM
V3V 30vd ONI¥ NOLSId Q3ONVIVENN= ddy
7v3S ONIY 40 SNINGOW J11SVi3= QOW3
ALISN3@ IN3W313= (02)SN3d

H19N3T IN3W313= (02) W33

IN3W313 40 SNIQVY 30ISino= (02)130¥

IN3W313 40 SnIQv¥ 30ISNI= (02)131¥
SIN3W3T3, TVI1¥13W030 30 YIGWNN= WI3N
SONIY¥dS N33ML38 37ONV= 13H1Q

ONI¥dS ONISOT) 1S¥Id Ol IIINV= Ol3HL

SONIYAS ONISOTI OL 3INVISIQ IVIXV= 0dsZ
SNIQVY ONI¥dS NVIW= dsy¥

SNIQVY VS AYVANOIIS ONIY-O= Jsy
SNIavy 3QISLNO ONIY¥ NOLSId= 00s¥
SNIAVY 3AISNI ONIY¥ NOISId= 13s¥
30V4¥3LINI TV3S 40 SNIAVY 3AISNI= 38
3JV4¥3LNI Tv3S 40 SNIAQvY 34ISino= SO¥
v3S AYVANOJ3S OL IONVISIQ IVIXV= 00sZ

SNOILONYISNI LNdNI TV3SAd

»

INdANI 37dWVS TV3SAd

1NdNI 40 OHO3
l

00+30000°0 00+30000°0
00+30000°0 00+30000°0 00+30000°0 00+30000°0 00+30000:0 00+30000°0
00+30000°0 00+30000°0 00+30000°0 00+30000°0 00+30000°0 00+30000°0
00+30000°0 00+30000°0 00+30000°0 §20°L §20°1 s20°L
IN3W313 40 snIavd 3aIsNI= (02)131¥
‘SONI¥dS N33ML138 31ONV= 9£25°0 13410
DNIY¥dS ONISO1D LS¥Id OL 3TONV=  00+30000°0 O13HL
SONI¥AS HNISOTJ OL 3INVISIQ TVIXV= 6252°0 0dsz
SIN3W313 TVIIYLIW0ID JO YIEWNN= 000°€ WI3N
SNIAVY ONI¥AS NV3IW= £95°1 dsy
SNIQvy 3AISLNO ONI¥ NOLSId= 00%°L 0Js¥
SNIQVY JQISNI ONIY NOLSId= 022l 128y
3OV4¥ILINI v3S JO SNIQVY 3AISNI= 0%l sy
3JV4¥3LNI 1v3s JO SNIAvY 3AISino= 08s°L SOY
v3S A¥VANOJ3S OL IDNVLISIQ TVIXV= 02iL70 03sZ
ONIY¥ NOLSId AYVONOJ3S 41 3n¥L = L NOLSId
A¥13W039~ .
SIXV A-A 1NOSY LNIWOW NOILJI¥d= voIdd
SIXY X-X 1NO8Y LNIWOW NOILJI¥d= 80144
NOI1J3¥1@ Z NI 3J¥04 NOILJI¥d= 20144
NOILJ3¥I@ A NI 30¥0d NOILJI¥d= AJ1dd
NOILJ3¥IQ X NI 3J¥04 NOILJI¥i= XJ1¥4
SNOILV¥31320V 1v3s= (S)110an
$31112013A 1v3s= ( §)10an
SLINIWAIVIdSIQ TV3s= sn
Qav013¥d ONIY¥dS 319NIS= 3¥ddS
NOILVANIINOD V SI NN¥ 3HL 41 3ndl = 1NOD
23S ‘3WIL TVILINI = LINIL
S/Qvd ‘SIXV A-A 3HL LNOSY AJN3NO3¥d NOILVAAIA 1JVHS =  VVOIWO
S/QVY ‘SIXV X-X 3HL LNOSY AININOI¥d NOILVAEGIA LJVHS =  8YD3IWO
S/avy “m_x< Z-Z 3HL DNOTY AIN3NOIY¥J NOILVAEIA LVHS =  ZVO3WO
S/Qv¥ SIXV A-A 3HL ONOTV AON3ND3Y4 NOILVAEIA LdVHS =  AVO3WO
S/QV¥ [SIXV X-X JHL ONOTV AJN3NO3¥4 NOILVYSIA LIVHS =  XVO3IWO
*QV¥’'SIXY A-A 3HL 1nOSY 3GNLITdWY NOILVHSIA LJVHS = oy
*QV¥’SIXY X-X 3HL 1NOSY 3GNLITdWY NOILVYEIA LJVHS = o8
NOILJ3¥IQ Z 3HL NI 3GNLITdWY NOILVYSIA LJVHS = oz
NOILD3HIA A 3HL NI 3ANLITAWY NOILVYSIA LJVHS = 0A
NOILJ3¥IA X 3HL NI 3GNLITdWY NOILVYEIA LIVHS = 0oX
Y3IGWNN d31S 3WIL TVILINI= IN
Sd3.1S IWIL 40 YIBWNN= SIN
IN3W3YONI d31S 3WIL 40 3NTVA= 1q
ALISOJSIA W1ld dINd= JSIA
7v3S A¥VANOI3IS'NOILIIY¥4 40 IN3IJ144300= 35400
3¥NSSA¥d dl= ald
JYNSSINd 00= 00d
Q33dS TYNOILVION ldVHS= VO3W0
HISN3T1 LINN ¥3d QvO13¥d DNI¥ NOLSId ANV ONI¥-0 =  I3UdIS
HION3T LINN ¥3d ONIJWYQ ONIY-0 = 13a
HI9N3T LINN ¥3d SS3INJ4ILS ONIY¥-0 = RE> ]
30NVAV3TD TV3S ONIY = 0d
$1v3S 30v4 ¥0d SSINNJIHL W1ld WNINEITINOT = OH
30¥04 W114-QINTd WAIY8ITINOI = 144
SS3NJJ11S ONI¥dS INISOTI= 153dS
ONIdWVa@ W1ld-aInld= vva
ONIdWVYQ@ W1Id-aINTd= ava
ONIJWVG W1ld-aINTd= 2va
T obeg IN0"2ITdWYS :aweuatd Yetge S661/62/50 1 obed

1IN0 ¢31dWVS soueuald

YEEe S661/62/%0

59

NASA/CR—2003-212368



LNLS6

ponunuo) ‘[¢ 23

NOILJ3¥IQ@ X 3HL NI 30NLITdWY NOILV¥EIA LIVHS £0-30005°0 = 0X

20-300002L1L°0 ="NI'3IN3¥34¥3INI ¥O SS3INNOIHL WIId TVILINI=OH SNOILIONOD VILINIx

2/986°2€  =S81'NOILJI¥4 QVO13dd TV3S A¥VANOIIS=D1¥dIS ¥3BWNN d31S 3WIL TVILINI ‘ool = 1N

9%8°9/62 =S81'QV0713¥d 3IV4¥ILNI=3¥d41d Sd31S IWIL JO ¥38WIN ‘oosk = SIN

65L210°€  ='2#«N1'V3IUY 3DVUILNI=IIV LN3WINONI d3LS 3WIL 40 3MVA G0-32.S8°0 = 14

9%0°62€2  ="S87'30¥04 DNISOTI JIMNVYAAH=TIHI ALISOJSIA W1l4 QIN1d  20-300LL°0 = JSIA

G2.99L°E  =Zx«NI'VI¥Y DNISOTI=TIV 1v3Ss AYVANOI3SNOILII¥4 40 IN3ID144300 0002°0 = Js400

NSS3¥d A 00+30000°0 = ald

- 3¥NSS3¥d QO 0oL = Q0d

Q33dS TYNOILYIOY¥ 13VHS ‘0gelL = V93WO

SNOILIONOD ONILV¥3dOsx

. 30¥04 W1I4-QINT4 WNI¥8ITINO3 AT 44

$7v3S 30v4 ¥04 SSINNJIHL WIld WNI¥BITIN®D3  20-30LLL°0 = OH

20-322126€L°0 = NI-24433S-°87°VILYINI 4O LNIWOW 3SYIASNVAL SSINJJ1LS DNI¥dS ONISO1D 0§0°§ = 1S¥ds

ONIdWVQ@ W11d-AIN1d 00+30000°0 = vva

20-3£689292°0 = N1-244035-81'VILY3INI 40O LN3WOW ¥¥10d ONIdWVA W1I4-QINTd  00+30000°0 = ava

ONIdWVQ@ W1I4-QINT1d  00+30000°0 = Zva

6/25682°0 *NI‘30NVLISIQ 52 ONIdWVa W1I4-QIN1d  00+30000°0 = vad

DONIdWVQ W1I4-QINT1d  00+30000°0 = 88a

20-318550SL°0 NI/2x35-°81'SSYW TViOL ONIdWV@ W1I4-QIN1d 00+30000°0 = z8q

ONIdWVA W1I4-0INTd  00+30000°0 = vzd

DNIdWVQ W113-aIN1d 00+30000°0 = 8za

sremmneere ONIdWV@ W1I4-aIN1d  00+30000°0 = 720

L VY ‘SSINJ411S W114-0IN1d 90+32L9€°0 = YViS

SIXV X-X 1NO8Y LN3WOW NOILJI¥d = 80144 0°0 8IS

SIXV A-A 1NOSY INJWOW NOILOI¥d = VJ1yd 0°0 IS~

NOILJ3¥IQ Z NI 3J¥04 NOILOJI¥d = 20144 , 0°0 V8IS«

NOILJ3¥1Q A NI 30¥04 NOILOIdd = AJ1¥d 88X ’SSINJ4ILS WII4-aIN1d  90+3219¢°0 = a8s

NOI133¥1@ X NI 30¥04 NOILOI¥d X144 281 |SS3NJ411S Wlld-aInid 00+30000°0 = 84S

00+30000°0 S0+38952°0 S0+31£665°0- SO+35€8S°0 00+30000°0 oo+woooo 0 821 SS3NJ411S Wlld-aInid 00+30000°0 = 23S

SNOI1Y¥37320V 1v3S = (g)lloan VZ)X SS3NJ411S W1I4-dIN1d  00+30000°0 = VZiuS

00+30000°0 €Ly 2%22°0- %€9°€  00+30000°0 00+30000°0 223 'SS3IN44ILS WII4-AINTd  90+30L2%°0 = 238

S311100713A 1v3S = ( §)loan SONIY¥dS 30 ¥IEWNN 00°2L = dSON

00+30000°0 €0-3S£6L°0- £0-325£9°0 £0-30282°0- $0-3£%62°0- £0- momom 0 Qv013¥d ONIY¥dS 31INIS 00SL°0 = 3¥ddS

SLIN3W30V1dSIa Tv3s s)n ONIdWYQ ONY DNI¥dS«

HLQIM ONI¥ NOLSId TVILN3¥34WNJ¥I0= 10-30052°0 YdM

NOILVNNILNGD V SI N¥ 3HL 41 3ndl 1 = 1NOD Y3¥Y 30V4 ONIY¥ NOLSId G3ONVIVENN= 09¢S°0 ydv
S/qvy 00+30000°0 00+30000°0
‘SIXY A-A 3HL 1NOBY AON3NO3¥4 NOILVYEIA LIVHS “0geL = VVO3WO 00+30000°0 00+30000°0 00+30000°0 00+30000°0 00+30000°'0 00+30000°0
s/avy 00+30000°0 00+30000°0 00+30000°0 00+30000°0 00+30000°0 00+30000°0
‘SIXY X-X 3HL LNO8SY AJN3NO3Y¥4 NOILVAEIA LIVHS "0geL = 8VO3WO 00+30000°0 00+30000°0 00+30000°0 §252°0 10-30526°0_ 00+30000°0

"W373 Ol 3DVAY3ILINI WON4 "1SIQ TVIXv= (02)1z
23S ‘3WIL VILINI 00+30000°0 = LINIL 00+30000°0 00+30000°0
s S/qvy 00+30000°0 00+30000°0 00+30000°0 00+30000°0 00+30000°0 00+30000°0
SIXY Z-Z 3HL DNOTV AON3NO3Y4 NOILVEEIA 1JVHS ‘oggl = ZVI3WO 00+30000°0 00+30000°0 00+30000°0 00+30000°0 (00+30000°0 00+30000°0
S/avy 00+30000°0 00+30000°0 00+30000°0 00s2°0 00s2°0 005270

‘SIXY A-A 3HL DNOTY ADN3NO3Y¥3 NOILVYSIA LiVHS "0ggL = AVO3WO ALISN3Q IN3W313= (02)SN3Q
s S/aQvy 00+30000°0 00+30000°0
SIXV X-X 3HL DNOTV AONINO3¥4 NOILVYEIA LJVHS "0gEL = XVO3WO 00+30000°0 00+30000°0 00+30000°0 00+30000°0 00+30000°0 00+30000°0
) “aQv 00+30000°0 00+30000°0 00+30000°0 00+30000°0 00+30000°0 00+30000°0
¥'SIXV X-X 3HL LNOSY 30NLITdWY NOILY¥BIA LJVHS £0-30005°0 = og 00+30000°0 00+30000°0 00+30000°0 s2L9 0 009L°0 10-30526°0

tav H19N3T IN3W313= (02)IW313
¥'SIXY A-A 3HL INOBY 30NLITdWY NOILVYEIA lJVHS €0-30005°0 = ov 00+30000°0 00+30000°0
00+30000°0 00+30000°0 00+30000°0 00+30000°0 00+30000°0 00+30000°0
NOILJ3¥1Q Z 3HL NI 30NLITdWY NOILVYEIA LiVHS £€0-30005°0 = 0z 00+30000°0 00+30000°0 00+30000°0 00+30000°0 00+30000°0 00+30000°0
00+30000°0 00+30000°0 00+30000°0 022°L 08.°1 085" 1

NOILO3¥IQ@ A 3HL NI 30NLITdWY NOILY¥EIA LJVHS £0-3000°0 = OA IN3W313 40 SnIav¥ 3aIsino= (02)730¥

¥ obed 1N0°237dWYS :aweuayld heiee 5661/62/¢0 ¢ obed 1N0"23TdWYS :3weuaytd bgige S661762/50

60

NASA/CR—2003-212368



panunuo)) "¢ om3n]

LANLS6

sesser@ésscvsccnns

. =
©

sssssesseseanssssssesesstesnenenreRrEOOEEal

90266°£€- =81¥d

90266°€E- =VIl¥d 21986°2¢- =201¥d
0000%°08  =AJI¥d 0000%°08- =XJ1dd
68°6€652  =(g)110an

26°9%98S- =(¥)1i00n 29°95€8S  =(g€)1100n

00+30000000°0 =(2)1i00n 00+30000000°0 =()110GN

8092049  =(s)loan

LLys612°0- =(y)100n 98yyey € =(g£)loan

00+30000000°0 =(2)1000 00+30000000°0 =(|)Llogn

£0-381%8261°0- =(S)Nn £0-390092£9°0 =(¥)n

£0-39000£82°0- =(£)N 60-30282%62°0- =(2)n no-womwowommm_. u:wn
=

NIINOD ISIT
ONIMO1104 3HL QV3Y¥ 3SVO SIHL 3NNILNOD OL

IWVN NI S378VI¥V,

S obed

NASA/CR—2003-212368



-—— HMIN.
DYNAMIC ANALYSIS OF SEALS
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Figure 32. Sample Problem 2 Minimum Film Thickness versus Shaft Revolutions
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DYNAMIC ANALYSIS OF SEALS

DYSEAL O-RING SAMPLE PROBLEM

XS-DISP.

Figure 40. O-Ring Sample Problem
versus Shaft Revolutions
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x Displacement

Figure 41. O-Ring Sample Problem
versus Shaft Revolutions
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-—— 2S-DISP.
DYNAMIC ANALYSIS OF SEALS
- Z:DISPL.

DYSEAL O-RING SAMPLE PROBLEM
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Figure 42. O-Ring Sample Problem Axial Displacement
versus Shaft Revolutions
DYNAMIC ANALYSIS OF SEALS T XXS-DISP
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Figure 43. O-Ring Sample Problem Rotation About x Axis
versus Shaft Revolutions
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DYNAMIC ANALYSIS OF SEALS 7T YYS: ISP
LTI YYODYSPL
DYSEAL O-RING SAMPLE PROBLEM
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Figure 44. O-Ring Sample Problem Rotation About y Axis
versus Shaft Revolutions
DYNAMIC ANALYSIS OF SEALS LLE
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Figure 45. O-Ring Sample Problem Minimum Film Thickness

versus Shaft Revolutions
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DYNAMIC ANALYSIS OF SEALS ]

DYSEAL O-RING SAMPLE PROBLEM
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Figure 46. O-Ring Sample Problem Axial Friction
versus Shaft Revolutions
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Figure 47. O-Ring Sample Problem Rotational Friction About
x Axis versus Shaft Revolutions
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Figure 48. O-Ring Sample Problem Rotational Friction About
y Axis versus Shaft Revolutions
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Rotor Transient Rotor Relative to Seal

814.0 86.1
WJ = 200.00 N = 1780.0
H/V = 0.00 EMU = 0.800
WSR =213 RJ = 2.090
CR = 0.0030 L = 0.904
Viscosity = 0.8125E-07 Mu-F = 0.150
F-A = 20.9000 P-L = 60.00
Clearance Circle P-H = 72.00 TMAX = 6.280
P-C = -14.70 TH-N = 36
H = 0.03140
NZ =6
Seal Ring Transient

WJ = Modal mass of rotor shaft (Ibm)

N = Rotor shaft speed (rpm) -

HV = Horizontal or vertical indicator (1 = horizontal; 0 = vertical)

EMU = Rotor shaft modal mass eccentricity relative to seal clearance (DIM)

WSR = Seal ring mass (Ibm)

RJ = Seal journal radius (in.)

CR = Seal radial clearance (in.)

L = Seal axial length (in.)

Viscosity = Absolute viscosity of sealing fluid (Ib-sec/in.2)

Mu-F = Face friction factor (DIM)

P-H = Seal high pressure (Ib/in.2)

P-L = Seal low pressure (Ib/in.2)

P-C = Seal liquid cavitation pressure (Ib/in.2)

H = Time step for transient simulation (rad)

TMAX = Maximum time for each segment of response (rad)

NZ = Axial grid points for pressure profile

TH-N = Pressure profile grid points around circumference of seal

95TM!1

Figure 49. Pump Seal Transient with Three Cycles of Motion Showing Seal
Tracking Rotor at 0.5 Eccentricity (N = 1780 rpm = 29.7 Hz)
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DYNAMIC ANALYSIS OF SEALS - Y-DISPL.

CHECK AGAINST G. KIRKS RESULTS, FIG.7
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Figure 52. Kirk's Figure 7 Rotor Orbit (mil)
DYNAMIC ANALYSIS OF SEALS - YS'DISB.
CHECK AGAINST G. KIRKS RESULTS, FIG.7
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Figure 53. Kirk's Figure 7 DYSEAL Seal Ring Orbit (mil)
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——- XS-DISP.
DYNAMIC ANALYSIS OF SEALS

CHECK AGAINST G. KIRKS RESULTS, FIG.7
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Figure 54. Kirk's Figure 7 DYSEAL x Displacement (mil)
DYNAMIC ANALYSIS OF SEALS YS:_DISP.
CHECK AGAINST G. KIRKS RESULT3, FIG.7
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Figure 55. Kirk's Figure 7 DYSEAL y Displacement (mil)
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——- HMIN.
DYNAMIC ANALYSIS OF SEALS e e T
CHECK AGAINST G. KIRKS RESULTS, FIG.7
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Figure 56. Kirk's Figure 7 DYSEAL Minimum Film Thickness (mil)

——— X-FRICT.
DYNAMIC ANALYSIS OF SEALS X c

CHECK AGAINST G. KIRKS RESULTS, FIG.7
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Figure 57. Kirk's Figure 7 DYSEAL x Friction (Ib)
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——— Y-FRICT.
DYNAMIC ANALYSIS OF SFALS St .5~ LT
CHECK AGAINST G. KIRKS RESULTS, FIG.7
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Figure 58. Kirk's Figure 7 DYSEAL y Friction (Ib)
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Rotor Transient

Rotor Relative to Seal

Seal Ring Transient

wJ

HV
EMU
WSR
RJ
CR

L
Viscosity
Mu-F
P-H
P-L
P-C

H
TMAX
Nz
TH-N

814.0 86.1
WJ = 200.00 N = 1780.0
HV = 0.00 EMU = 0.800
WSR = 213 RJ = 2.090
CR = 0.0030 L = 0.600
Viscosity = 0.8125E-07 Mu-F = 0.150
F-A = 20.9000 P-L = 60.00
P-H = 72.00 TMAX = 6.280
P-C = -14.70 TH-N = 36
H = 0.03140
NZ =6

Modal mass of rotor shaft (lbm)

Rotor shaft speed (rpm)

Horizontal or vertical indicator (1 = horizontal; 0 = vertical)

Rotor shaft modal mass eccentricity relative to seal clearance (DIM)

Seal ring mass (Ibm)

Seal journal radius (in.)

Seal radial clearance (in.)

Seal axial length (in.)

Absolute viscosity of sealing fluid (Ib-sec/in.2)

Face friction factor (DIM)

Seal high pressure (Ib/in.2)

Seal low pressure (Ib/in.2)

Seal liquid cavitation pressure (Ib/in.2)

Time step for transient simulation (rad)

Maximum time for each segment of response (rad)

Axial grid points for pressure profile

Pressure profile grid points around circumference of seal

95TM1

Figure 59. Pump Seal Transient for a Reduced-Length Seal Showing Seal Ring
Tracking Rotor at an Eccentricity of € = 0.75 (N = 1780 rpm = 29.7 Hz)
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YS-DISP.

DYNAMIC ANALYSIS OF SEALS

Ring Seal Kirk 8
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95TM1
Figure 62. Kirk's Figure 8 DYSEAL Seal Ring Orbit (mil)
DYNAMIC ANALYSIS OF SEALS ——— HMIN.
Ring Seal Kirk 8
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Figure 63. Kirk's Figure 8 DYSEAL Minimum Film Thickness (mil)
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5.0 VERIFICATION

Several methods of verification were accomplished. Internal checks were made against closed-
form solutions. Some mass, spring, and damper vibration problems were examined and
compared against closed-form solutions. Also, comparisons were made against experimental
data available in the literature. Ring seal verification was presented in the preceding section.

5.1 Internal Checks

An example of internal checks of the code is evaluation of spring forces and moments. The

numerical approach used in the code can be compared against a closed-form solution. For the ith
spring, the moment is

M, =1, X F = (zsp —Z, )ﬁ + (Rsp cos Qii +R, sin Oj) X (—kszif() (5.1
where:

M! = moment from ith spring located at 6
F! = force from ith spring

z,, = z distance to ith spring

R, = spring radius

0, = angular coordinate to ith spring

z; = displacement of ith spring in z direction

z., = z distance to CG

The seal ring motion in the z direction, z,, is given by
z, =zs+Rsp(Bssin6i—0ts cos®,) (5.2
where the variables have been previously defined.

After substituting Equation (5.2) into Equation (5.1), expanding and summing over all springs,
the following equation results:

M, = (Rspkszs Y cosh, +Ri kB, Tsin6, cos®, —R: k.o, ¥ cos’ 6, )i

~(R%k,z, Zsin@, +R2k,B, Tsin? 6, ~R%k, o, Tsin®, cosb, )i

sps spss

(5.3

where the 3 component equals the moment about the y axis and the i component equals the
moment about the x axis.

Consider six springs with the first spring starting at an angle of 10°. The summation coefticients
are indicated on Table 3.
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Table 3. Summation Coefficients

K,, = 2; N, = 6; k = 100 1b/in.

0 sin@ cosO sin0 cos0 sin’ cos’
10 0.1736 | 0.9848 0.0301 0.9698
70 0.9397 0.342 0.883 0.117
130 0.7660 | -0.6428 0.5866 | 0.4132
190 -0.1736 | -0.9848 -0.301 0.9698
250 -0.9397 | -0.342 0.883 0.117
310 -0.7660 | 0.64281 0.5868 0.4132

)X 0 0 0 3.0 3.0

NASA/CR—2003-212368
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Referring to Equation (5.3),

K., =R,k Xcos0=0
K,, =Rk, Xsin6cos0=0

K, =Ry k, Xcos’6=27(100)(3) =1200 b/ in.
Similarly,

K, =K, =0,Ky, =1200

Also, the axial stiffness = 6 x 100 = 600 1b/in. The spring stiffness matrix as computed by the
program is as follows:

SKSP(I,J) =
0.00000E+00  0.0000CE+00  0.00000E+00  0.00000E+00  0.00C00E+00
0.00000E+00  0.00000E+00  0.00000E+00  0.00000E+00  0.00000E+00

0.00000€+00  0.0000CE+00 600.00 0.00000E+00  0.00000E+00
0.00000E+00  0.00000E+00 -0.22204E-13 1200.0 -0.33307€-12
Sg;??2°05+00 0.00000E+00  0.17764E-12 -0.28866E-12 1200.0

0.00000E+00  0.00000E+00  0.00C00E+00

This checks precisely with the closed-form solutions. Similar results were obtained for varying
the number of springs and the independent stiffness values.

5.2 Mass, Spring, Damper Vibrations

Several mass, spring, and damper vibration problems can be used to check out portions of the
code. First, consider a forced vibration problem, as depicted in Figure 64. The base represents
the shaft; the mass represents the seal ring. The base is the source of excitation, and the response
of the seal ring or mass, M, is desired. The initial parameters tested were:

k = 10,000 Ib/in.

¢ =10 1b-sec/in.

M =101b = 10/386.4 = 0.02588 Ib-sec?/in.
X =0.002 in.

o = 1000 rad/sec
C =10 Ib-sec/in.

As derived from Thomson [4], the maximum relative displacement, Z, (= y - X) is given by

mo’X ~ (0.02588)(1000)° (0.002)

7 = =
\[(k ~mo?) +(Co)’ \/(10, 000 —0.0259(1000)*)” +(10(1000))’ (5.4)

=0.002758 in.=2.758 mil
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Z represents the maximum difference between the amplitude of the mass, y, and the excitation,
X. As shown on the computer output graph (Figure 65), the measured difference equals 2.74 mil.
The phase angle as a function of frequency and damping is shown on Figure 66.

1000

10,000
0.0258

®

®

n

=16 5.5

a[w|8

_Cc_ Cc _ 10
P . " 2mo,  2(0.02588)(622)

c n

=0.3106 (5.5)

From Figure 66, the phase angle, ¢, is approximately 135°. The computed value is estimated to
be 136° as measured from the output curves of Figure 65. Considering graphical interpretations,
the corroboration is excellent. Similar results were obtained using the ring seal option of the
code exciting the shaft in the x direction, as shown on Figure 67.

5.3 Verification Against Data in the Literature

Di Russso [5] did extensive dynamic testing of spiral-groove seals. The seals were subjected to
constant load rotation, with installation runout of the seal seat (rotating member) and then to
constant load rotation with installation runout plus an axial excitation of 50 m (2 mil) at 100-Hz
frequency. Figure 68 schematically shows the seal seat vibrational modes. The installation
misalignment of the seal seat was approximately 35 prad about both the x and y axes. Tests were
run with and without secondary seals.

Figure 69 shows response of the seal at 14,000 rpm without a secondary seal in place. The film
thickness frequency is approximately 6 times synchronous for the 14,000-rpm case. The case
was simulated by determining the stiffness and damping characteristics of the spiral groove and
establishing the physical characteristics of the seal ring. The input for the DYSEAL run is
shown in Figure 70. The minimum film thickness in mils versus shaft revolutions, computed by
the code is shown in Figure 71. The 6 per rev frequency is shown in Figure 72. The results are
nearly identical to the steady mode without the axial excitation. The implication is that the seal
ring tracks the exciting shaft perfectly. The input for the computer studies is identical to

Figure 70, except that Z0 is give a value of 0.002. Computer results of film thickness are shown
in Figure 73. The film thickness shows a definite trace of the excitation frequency. A blown-up
view of the film thickness is shown in Figure 74, and the six times synchronous frequency is
clearly discernible. The axial displacement of the seal seat (ZS) and seal ring (Z) are shown in
Figure 75. They are in unison, confirming the tracking capability-of the seal as experienced on
test. The variations indicated by the film thickness curves do not show in the axial mode but are
indicated by the rotational response about the x and y axes. Figure 76 shows the rotational
response about the x axis superimposed on the pure sinusoidal excitation. The jogged sine curve
provides the differences between excitation and response. In general, the computational results
agree very favorably with the experimental data.
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Figure 66. Phase Angle as a Function of Damping and Frequency
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Figure 67. Ring Seal Option: Single-Degree-of-Freedom Forced Vibration Problem
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Figure 68. Schematic Showing Seal Seat Vibrational Modes
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Figure 69. Film Thickness as a Function of Time (Probe 1) for Inward-Pumping
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Figure 72. Film Thickness; Sinusoidal Axial Vibration
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Figure 73. DYSEAL Film Thickness; Sinusoidal Axial Vibration
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Figure 76. Rotational Response About x Axis for Axial Sinusoidal Excitation

NASA/CR—2003-212368 120



6.0 OPERATING ENVIRONMENT

The DYSEAL code has been produced with a WATCOM compiler under an OS/2 operating
system. An extension to FORTRAN 77 is the use of an include file DYCOM. Include files are
supported by most FORTRAN compilers in use today. Users with compilers that do not support

an include statement can replace this statement with the entire DYCOM file. The executable file
of the program takes 203,489 bytes.
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